A VIBRATION TEST OF EARTHQUAKE INDUCED HYDRAULIC
EFFECTS OF LIQUID-FILLED PIPELINES

N. Ogawa(I)
SUMMARY

Liquid-filled pipelines are expected to undergo transient hydraulic
lects as a pressure rise during earthquakes. In this study, an experi-
1t on the dynamic response of a real scale piping system was carried out
ing a large scale shaking table. The tested system was a 40m long
raight pipe of 318mm diameter with both dead ends and Len supports. It
5 pressurized up to the stationary value 490kPa(S5kg/cm”). The system
owed the very sharp resonance, and this characteristics was analyzed
ing a simple coupled model. The experiment and analysis suggested that
ccupling of liquid and piping system would be one of the important
ctors for seismic response estimations of liquid-filled pipelines, espe-

ally, closed and relatively low pressure systems.
INTRODUCTION

Liquid in a pipeline is usually considered only as a distributed added
.Sss to a piping system in the seismic response estimation of pipeline
'stems. This estimation, which is called "a rigid water model" in this
.per, may not be exact for a long pipeline excited in axial direction
:cause of the spring effect of liquid due to pressure wave propagation
id usually very small friction of pipe and liquid.

Liquid effects in seismic response have not been so much recognized
1 the aseismic design of pipelines. This is because the damages of pipe-
ines were mainly caused by forced ground motion or soil-pipe interaction.
1t, as Young and Hunter described in their research paper(Ref. 1), liquid
Efects may be important as one of the "potential damage factors" in seis-
ic response of relatively low pressure and large diameter pipelines.

In the previous studies on this subject(Ref. 2-4), pipings without
upport system were used to estimate the pressure rise when deformed or
oved forcedly in the same manner as by ground motion. But, in the real
ases, a support system has important effects such as on resonance fre-
uency and damping. Then the coupled response analysis of pipe-liquid-
upport systems would be required to estimate liquid effects. This paper
resents experimental results and a simple analysis of such a system.

AN OUTLINE OF EXPERIMENT

A 40m long straight steel pipe(SGP300A of JIS, outer diameter 318.5mm,
‘hickness 6.9mm) was used for the vibration test (Fig.l). The expected
:esonance frequency of 40m liquid column itself was about 12.5Hz in the
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for axial vibration of
the test pipeline. Fig.l An outline of experiment

The test pipe was
made by welding of standard pipes except
for the central loose-flange connection.
The pipe was supported by ten support
structures; two were for connection of
axial shaking force and others for dead cropper
load support and restriction of large flateral) |
lateral vibration. Two main supports, A
which were relatively rigid and comnected
to the test pipe by welding. Two auxilia-—
ry U-band supports were set up on the
shaking table.

The 25m long part of the test pipe
was extended outside the shaking table, and this extended part was supported
by six sliding supports (Fig.2) which did not restrict axial movements of
the test pipe. Both ends of the pipe was closed by 26mm thickness flange
plates. For removing air in the test pipe before shaking tests, four air
valves were set up at the upper part of the pipe.

Shaking tests were carried out in the empty and water-filled condi-
tions. In latEer case, water was pressurized up to the stationary value
490kPa (5kg/cm”) after removing air in the pipe. The measurement points for
water pressure and pipe acceleration are shown in Fig.3,4. The data were
recorded by digital and analogue data recorders, and in this paper, the

data analysis was carried

Fig.2 Sliding support

out only on the water P-5 P-6

pressure fluctuations Sy s ey @ 0 T i -
from the statignary value jﬁ;ﬁ ! 1 Fi cxsT
490kPa (5kg/cm™) and the i

axial pipe accelerations. i I o

The pipe response will
greatly depend on the
amount of the air in the
pipe, so some pressurized

Fig.3 Measurement points of pressure
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Fig.4 Measurement points of acceleration
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ANALYTICAL MODEL

Fig.5 shows a simple model of the test pipeline for axial direction
respo?se analysis. In this model, a pipeline is treated as a rigid
container in which longitudinal deformations of pipe are neglected and the
support system is simplified as a spring-dash pot system of one degree of
freedom. Liquid behaviour is treated as a one dimensional pressure wave.
N?n—linear behaviours such as a column separation are omitted in this analy-
sis, and further, pipe-liquid frictionm is linearized for steady state ’
response analysis.

The equations for analysis are given by:

My +Cy+Ky=-Mi+AaLp(L)=p(0)I+F oorninnn. (1)
G _ 1 3p
B Llg @ .
0 M I__.
9p __ 5 du Lil=a oo 4]
P T & 4=3420 Ky ' \_
k=30con/cn Mlempty pipe)
W= FG HE aennn (4) Tt
a=1190m/s
L L
F=.[o KDTde=I0pAdez .. (5) e
Where: Fig.5 Analytical model

M: effective mass of empty piping system
C: coefficient of damping force of support
K: spring constant of support

K
wy = 27f, =/ 3 ¢ natural frequency of empty system

c
200 M

: damping factor of empty system

length of pipe

pipe inner diameter

density of liquid

pressure wave velocity of liquid
linearized pipe-liquid friction factor
time

x: axial coordinate along a pipe

relative displacement of rigid pipe to base
base displacement (excitation)

pressure fluctuation of liquid

liquid absolute velocity

: liquid velocity relative to pipe

pipe inside area

Tg: pipe-liquid friction force per unit area
F: total friction force along a pipe wall
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For steady state analysis, we use the solutions as follow:

E=Re™, y=Ye™, o=V(z)e™, p=P(2)e™ (j=V=T) .......... (6)

The total friction force which acts on a rigid pipe from liquid along a
pipe wall is estimated by equations (2),(5) and (6) as the following:

p4Q - 2 1
F= ——[P(L)-P(O)] +@®L(R+Y Y pe™ ...
jw+0{ pL( ()] ( Je (7)
From equations (1)-(7) and the boundary conditions v=0 at x=0,L, we can
obtain the steady state response of pressure at x=0 and pipe axial
acceleration as the following:

Y+R _ of +i(2h000) @)
E 0} - (1+m)w? +j(2hw°w>+m;02{ta::£s/l'2/)2) |
PLO) _ B*Y pL tanb(sLs2) e )
(jo)?R R 2 (sL/2)
where:
oo Mass (water) _ pAL s (10)

Mass{pipe ) M

8=a+j,3 =/ w\w +Q ................. (ll)

The above solutions show the response of an empty pipe support system if
m=0, and show the response of a rigid water model if ¢ =+ = (¢ -+ 0). The
mass ratio m was about 0.853 for the tested pipeline.

RESULTS AND DISCUSSIONS

Vibration Characteristics of An Empty System

Fig.6 shows the measured and computed natural frequencies and
vibration modes of the tested system in axial direction. The computed
values were obtained by use of beam elements, and the measured values by
man power shock test. Only the first mode can be predominant in the
shaking table test, then f( of the

Order empty water-filled
analytical model is given as 47Hz. = = o "
The damping factor of the empty ]Ey“ﬁi::jéw%j (47hz) z
system was obtained as about == ==

h=2.5% from the spectrum analysis. 2 i i ?@éﬂ ez

This value may be lower for analy- RO D Kz asha”
sis of shaking table test because 3 i é
it was obtained by considerably
low level excitation. Fig.6 Natural vibrations
Fig.6 also shows the computed ()=measured, *=rigid water model
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values of the liquid-filled system which were
obtained by treating liquid as distributed
added masses to the pipe. Measured values
for such a rigid water model can not be

obtained because of liquid-pipe coupled ffaﬁ
vibration. Calhs |
L okl oo PRl
Pressure Wave Propagation in Water st une it " g, i
The measurement was done by longitudinal e : f*"{x¥$ .
shock at the end of pressurized pipe after Fig.7 Pressure wave propaga-
removing the air. Fig.7 shows the recorded tion in the pipe

waves from which the velocity was estimated

as about 1150-1200m/s. The wave velocity

has much effect on the resonance characteristics of the system, then the
measurement was done before and after shaking table tests and about the
same values were obtained. We use the value of 1190m/s for analysis con-
sidering the above result and the resonance test results.

Results of The Resonance Test

The resonance test was done by use of sinusoidal sweep excitation of
lower level to avoid negative pressure response. Fig.8 shows the pressure
response at a pipe end. The response values are shown as the amplitude
ratio to the shaking table acceleration. The very sharp resonance is seen
at about 14.3Hz and the maximum response value shows the possibility of
negative pressure at resonance in low pressure systems even if excited at

Kg/cm2
Gal
0.51 - EXPERIMENT P-1
— THEORY P(0)/(jw)?R
FQ=47 .0HZ
H=0.069
A=1190M/SEC
0.31 a=0.
0,.+ s~ o o Sp—————
13.5 14.0 14.5 15.0 15.5 16.0
FREQ(HZ)

Fig.8 Pressure response P-1/A-2 by experiment and comparison with theory
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Fig.9 Pipe acceleration response A-3/A-2 by experiment and comparison with
theory

a fairly low level. Fig.9 shows the pipe acceleration response at the main
support position. The shape is about the same as pressure responses, but
it comes to near zero at about 14.9Hz. This is explained as an anti-reso-
nance caused by the balance of liquid pressure and shear force of supports.
Fig.1l0 shows the response waves at resonance. The accelerations A-5,6 at
pipe ends show larger values than that of the support position; that is,
the longitudinal deformation of the pipe extended from the main supports
appeared in the experiment. But, it’s effect to hydraulic responses would

be very small in this case. A3 At
[ R - L
. . . ] f fir-s e-10
Comparison with Analytical Model I‘

s

The maximum response of the Tq%jﬂtfkjﬁkfﬁc%xjﬂkflm# §.65 HIN=  ~6.57 HICRO
pipe will be much affected by pe10 HAX=  1.78 HIN=  ~1.68 KG/CHwe2
support damping h and friction Q. WA= 178 HINS  —1.83 KG/Clme2
Then, at first, the effects of h

. . A-6 V%%%%%nﬂx: 139.42 HIN= ~173.04 GAL
and Q to the maximum acceleration
response were examined in 5-20Hz  *° PR e 1e0.81 e 158306

by use of Eq.(8). The result is A-4 VQVQUQUQUAVQU%"“‘ 73.93 HIN= -81.81 GAL
shown in Fig.1ll. A-3 %%%%ﬁcnm 91.51 HIN= -85.76 GAL

Now, we use Q=0 considering p-2 HAX=  4.35 MIN=  -7.05GAL
that the pipe liquid friction will 15T 5.3 Sec TS5
be very small for such a simple Fig.10 Response waves at resonance
pipeline without column separation, T-5: pipe axial strain at main
then, we can obtain the apparent support position

damping factor h=0.069 to corre-
spond with the measured values.
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The computed responses
by h=0.069 and Q=0 are com-
pared with the experiment in
Fig.8,9. It can be seen
that the simple analytical
model is applicable as an
approximation of a pipe-
liquid coupled system.

Discussion on A Rigid
Water Model

The response of a rigid
water model is given by
Eq.(8) by neglecting the
fourth term of the denomi-
nator. When Q=0, this term
is given by Eq.(12). It can
be seen from Egs.(8), (12)
that the coupled response at
near and lower than the
first resonance will be
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100. 1
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o

—=— MAX |(Y+R) /R
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e

%'., 0.030.060.080.120.15
—=h (damping factor of empty system)
Fig.1ll Maximum response value of analytical
model for various value of h and Q
(input frequency range: 5-20Hz)

oL 20> 1f .....................

_______ rigid water model

coupled model

-

40.0
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Fig.12 Comparison of the pipe acceleration response of a coupled model and
a rigid water model for f8=5,15,47Hz

(h=0.069, Q=0, a=11

Om/s)
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approximated by using H(a,w)=0 if wgp<<anw/L. Fig.12 shows the comparison of
the acceleration response (Y+R)/R of a coupled and a rigid water model for
f =5,15,47Hz of empty natural frequency. This figure also shows the higher
order resonances and the large effect of support stiffness in coupled re-
sponse.

It is seen that the difference of the two model is remarkable and
depends on the support stiffness. In the case of fp=5Hz, that is very soft
support, the response of the coupled model is almost equal to that of a
rigid water model except for small responses of higher resomances. Thus,
we can say as a rough estimate, that a rigid water model would be effective
if the natural frequency of the empty system is smaller than the first
resonance of the liquid column itself, that is, fg<<a/2L. Otherwise, the
difference between the two models is considerably large in both resonance
frequency and response amplitude.

CONCLUSION

To investigate earthquake induced hydraulic effects to a piping system,
a shaking table test was carried out and the very sharp resonance of a
liquid-filled closed pipeline excited in axial direction was observed.
This result was analyzed by use of a simple model of a straight pipe-
liquid-support coupled system and the limitation of "rigid water model"
was shown.
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